Much of our knowledge on quantum nature of atomic nuclei comes from studies of nuclear reactions in which an energetic beam of one nuclear species collides with a target made of another. Among various collision processes, the nucleon knockout reaction has become recognized as one of the most sensitive tools for spectroscopic studies, especially for nuclei away from the stability line, which include even those beyond the drip line. The knockout residue produced by removing a nucleon (or nucleons) from a fast moving beam particle, which impinges on a light target fixed in the laboratory, is observed in inverse kinematics by a detector placed in forward hemisphere efficiently. The removed nucleon(s) will be selected democratically from the valence space, allowing states with unique, often rarely accessible configurations to be populated in this process. The final state in the residue is identified by tagging de-excitation γ rays [1-3] (see also references in Ref. [4] ) and by observing decay neutrons and constructing the invariant mass [5] [6] [7] [8] [9] [10] [11] [12] . For one-nucleon knockout case, the momentum spread of the residue reflects the Fermi motion of the nucleon suddenly removed, and is sensitive to the orbital angular momentum (the l value) of the struck nucleon. Furthermore, the cross sections leading to individual final states relate to the occupancy of single-particle orbits, providing a link to details of the nuclear structure.
The present study aims at exploring unbound states in 16 C through an application of the one-neutron knockout technique to a 17 C beam impinged on a proton target, for which simple reaction mechanisms are expected. Focus is placed in a search of lowest-lying cross shell transitions, the location of which reflects the shell gap between p and sd orbits. The neutronrich carbon (C) isotopes have attracted attention as they often exhibit unique features: none of the odd mass C (heavier than 13 C) has the ground-state spin parity of J some, if not all, of these features, nuclear deformation may play a key role, which occurs in this mass region due to near degeneracy of the νd 5/2 -νs 1/2 orbits: neutrons in these orbits can gain energy by breaking spherical symmetry (the Jahn-Teller effect) [23] . The effect of nuclear deformation will further be signified by large quadrupole transition strengths [24, 25] and by a reduction of the major p-sd shell gap [26] [27] [28] The experiment was performed at the RIPS facility [39] of RIKEN. Details of the setup are provided in Refs. [25, 40] , and a preliminary report of this work has been presented in Ref. [41] . isomeric state having a half-life of 2.61±0.07 ns [30] . This long life time caused the emission point of the de-excitation γ ray to be distributed along the path of the fast-moving decay product. The Doppler correction for the γ ray energy was made by assuming that the decay occurs at 40.7 cm downstream of the target (an average decay point expected from the average beam energy and the known mean life for the isomeric state) in both data reduction and simulation by the geant code [43] . The latter was done fully taking into account realistic geometry of the experiment. A higher energy tail for the photo-electric peak is due to this incomplete Doppler correction procedure. The simulated response, however, reproduced the data well as shown by the green solid line. The photo-peak efficiency over E γ =0.60-1.12
MeV (γ-ray window) was estimated to be 5.1(3)% by the geant simulation. the portion of the area beneath the dotted line over the γ-ray window, which amounts to 46%, and (ii) that the background shape is characterized by the inclusive spectrum in Fig. 1 (a). A peak is clearly seen at E rel =0.46 MeV in Fig. 1 (a) . This is also evident in Fig. 1 (b), indicating that this peak feeds the 5/2 + state in 15 C after emitting a neutron. Besides, another resonance is visible at E rel ≈1.3 MeV in Fig. 1 (b) . These were observed for the first time.
The relative energy spectrum of Fig. 1 (a) Fig. 1 (a) the response of this strength was created by assuming E rel =1.86 MeV: the difference between E x =6.11 MeV and S n for 16 C). A similar fitting analysis using the γ-ray coincidence spectrum in Fig. 1 (b) , however, did not exclude the possibility that this component is absent from this spectrum.
It is quoted that the upper limit on the fraction of 15 C fragments from the decay of the E rel =1.86-MeV resonance, that were in the 0.74-MeV state is 20% of the strength found in the spectrum in Fig. 1 (a) . The solid line in Fig. 1 (a) shows the result of the fit to the total inclusive spectrum. The background (dotted line) coming from transitions to the continuum and from detecting neutrons not associated with the decay of excited states in processes, was simulated by a function a(E rel ) b exp(−cE rel ) with a, b, and c free parameters.
The results of the fit are summarized in Table I . E x was calculated by E x =E rel +S n +E * , with E * the excitation energy of 15 C. The errors include statistical ones and those due to the choice of the background shape (the latter, estimated by further assuming thermal emission of a neutron (b=1/2) and neutron evaporation (b=1) for the background shape, turned out to be a dominant source of the error: they were 80, 90, and 70% of the errors quoted in Table I for E rel , Γ , and σ Fig. 1 (a) . To quantify the character of the latter state, as a state built on the 15 C * (0.74
MeV) excited core, the fit was repeated by changing the strength from the original one. By finding the fractional value at which the χ 2 of the fit alters from the minimum by one unit, a lower limit of 32% was deduced. The extraction of the l value of the knocked-out neutron from a differential quantity for the E rel =0.46-MeV state is explained later.
To allow discussion in terms of nuclear structure, reaction model calculations based on the Glauber approximation [47] were performed. The one-neutron removal cross section σ th −1n is expressed for a given final state with J π as
where A is the projectile mass, N the major oscillator quantum number, C 2 S the spectroscopic factor, and σ sp the single-particle cross section. The quantum numbers of the removed neutron are denoted by nlj. S eff n is the effective separation energy given by the sum of S n of the projectile and E x of the residue. σ sp was calculated by the code csc gm [45] taking into account both stripping and diffractive processes (effective nature of the nucleon-nucleon (NN) profile function used resulted in small non-zero stripping cross sections) [47] . The elastic S matrix for the collision of the residue (core) with the proton target was calculated by folding the finite-range Gaussian NN profile function [48] with the point proton and neutron densities of the core obtained from the Hartree-Fock (HF) calculation using the SkX interaction [49] . The S matrix for describing the scattering of the valence neutron with the target proton was given by S(b)=1−Γ pn (b), here b is the impact parameter of the colliding nucleons, and Γ pn the profile function for proton-neutron scattering. The parameters chosen for the profile function are those describing the NN total and elastic cross sections consistently [48] . The neutron-residue relative motion was calculated in a Woods-Saxon potential.
The depth was adjusted so as to reproduce S eff n , for a diffuseness a 0 =0.7 fm and a reduced radius r 0 specifically chosen to be consistent with the HF calculation [50, 51] using the WBT interaction [46] in the spsdpf model space. The calculated results for relevant states are given in Table I . σ th −1n includes contributions from both stripping (σ str ) and diffractive (σ diff ) mechanisms. Due to inert nature of the proton, the latter dominates the knockout processes.
The state observed at E x =5.45 MeV was found to be well explained by the 2 [45] and the shell-model spectroscopic factors calculated with the WBT interaction [46] . Calculations used S eff n involving experimental E x values.
Experiment Theory states, together with their shell-model energies, are compared to the data in Table I . The present data turned out not to provide a strong constraint on the J π values for this state, although in terms of comparisons in both E x and σ −1n they seem to prefer the assignment of The present study adds a case in which the shell model with the WBT interaction predicts the location of the lowest-lying cross shell transition properly (see also Fig. 3) , showing that this interaction describes the p-sd shell gap in 16 C adequately. To pin down the source of the discrepancy between theory and experiment on the position of the cross shell transition in 17 C, as discussed in Ref. [29] , and to better understand the dynamical evolution of singleparticle orbits and relevant residual interactions away from stability, further spectroscopic studies on such states in heavier C as well as neighboring isotopes are of help.
In summary, one-neutron knockout from 17 C on a proton target was exploited in populat- 
